The nucleotide sequence of the sulfate and thiosulfate transport gene cluster has been determined and located 3' to the gene (cysP) encoding the thiosulfate-binding protein. Four open reading frames, designated cysT, cysW, cysA, and cysM, have been identified. Similarities in primary structure were observed between (i) the deduced amino acid sequences of CysT and CysW with membrane-bound components of other binding protein-dependent transport systems, (ii) that of the CysA sequence with the "conserved" component of such systems, and (iii) that of the CysM sequence with O-acetylserine sulfhydrylase A (cysK gene product) and the Is-subunit of tryptophan synthase (coded by trpB). Expression of the four genes was analyzed in the T7 promoter-polymerase system.
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Active transport systems of enteric bacteria can conventionally be divided into two classes: osmotic shock-sensitive permeases requiring the function of a specific, periplasmic substrate-binding protein, and shock-resistant permeases which consist solely of membrane-bound components.
In recent years a number of periplasmic transport systems for a variety of compounds (amino acids, carbohydrates, vitamins, oligopeptides, inorganic ions) have been analyzed in detail (for a review, see references 1 and 11). The general picture which emerges from these studies is that periplasmic permeases are typically composed of one periplasmic, substrate-binding protein and three membrane-bound components. In the most extensively characterized systems, which include the histidine (15) , maltose (39) , phosphate (45) , oligopeptide (17) , glutamine (33) , arabinose (40) , and glycerol-3-phosphate (36) permeases, a single operon codes for all known transport components. In a few cases, however, a separately regulated gene exists that encodes an additional binding protein of different substrate specificity; moreover, in some instances the transport operon contains a gene whose function is unknown or which is involved in the further catabolism of the transported substrate (1, 3, 36) .
A detailed molecular characterization of the sulfate transport system of members of the family Enterobacteriaceae is still lacking. Available genetic and biochemical data concerning the sulfate permease of Salmonella typhimurium indicate (i) a complex (three-cistron) organization consisting of the "cysA" region essential for sulfate and thiosulfate transport (10, 30) and (ii) the involvement of a periplasmic sulfate-binding protein (SBP) (37) . The relationship between SBP and the sulfate transport process remains unclear, since the gene for the binding protein, despite considerable efforts, has not been identified (35) and no mutants are available.
In the accompanying paper (19) , we describe the identification of the cysP locus in the 52-min region of the Escherichia coli chromosome encoding a periplasmic substratebinding protein which is distinct from SBP and involved in thiosulfate transport. This gene product is not essential to the cell (19) . The presence of another locus, designated cysT, lying directly adjacent to cysP was found to be essential for * This work completes the nucleotide sequencing of the region containing the sulfate and thiosulfate transport system localized at 52 min on the E. coli chromosome. The gene order cysP cysT cys W cysA cysM has been established, with all genes being transcribed clockwise with respect to the E. coli chromosome. cysP is the gene for a thiosulfate-binding protein, and cysT, cysW, and cysA presumably correspond to membrane-associated transport components. The final gene in the cluster, cysM, codes for O-acetylserine sulfhydrylase B (25) .
(The nucleotide sequence data reported here will appear in the EMBL, GenBank, and DDBJ nucleotide sequence data bases under accession no. M32101.)
MATERIALS AND METHODS
Strategy for DNA sequence determination. Plasmid pAMH2 (Fig. la) , carrying the E. coli "cysA"-cysM region on an approximately 7.5-kilobase (kb) chromosomal fragment cloned by use of the mini-Mu-lac replicon (42) , was used as a source of restriction fragments for subcloning into phages M13mpl8 and M13mpl9; these phages were propagated in strain JM101 as a host. The overlapping clones were constructed either by following the method of Dale et al. (8) or by the exonuclease III digestion procedure (14) . Some sequencing reactions were performed with synthetic oligonucleotide primers internal to cloned fragments. Both DNA strands were completely sequenced by the dideoxy chain termination method (38) with the Klenow fragment of E. coli DNA polymerase (Boehringer Mannheim) or Sequenase (United States Biochemical Corp., Cleveland, Ohio). Buffer gradient gels were used for electrophoresis (4) .
Expression of cloned genes in pT7 vectors. Figure la identifies the restriction fragments of plasmid pAMH2 which were subcloned into pT7 vectors (46) (19) . Plasmid-encoded proteins were analyzed on sodium dodecyl sulfate-polyacrylamide gels (27) and visualized by autoradiography. (19) . In this paper the sequence spanning ORF2 to ORF5 (designated cysT, cysW, cysA, and cysM, respectively) and starting from the EcoRI site located within the cysP gene is presented (Fig. 2 ). All ORFs (except cysT) were preceded by putative ribosome-binding sites (41) .
The frequencies of optimal codon usage (21) were 0.68, 0.70, 0.74, and 0. 6 for cysT, cysW, cysA, and cysM, respectively. It has been postulated that there is a correlation between the frequency of the iisage of optimal codons and the number of protein molecules synthesized per genome (21); based on these statistics, the polypeptides analyzed here can be tentatively classified as a middle-level-quantity group, which is typical for amino acid-biosynthetic enzymes.
(i) cysT and cysW genes. The termination codon of cysP (position 282) has been shown (19) Fig. 1 ) located within the cysP gene (see accompanying paper [19] ).
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(iii) cysM gene. The location of the cysM gene, coding for O-acetylserine sulfhiydrylase B, on the 1.6-kb PstI-BamHI restriction fragment of pAMH2 (Fig. la) (7) containing plasmid pGP1-2 and one of the pT7 derivatives (46): pASB4 (lanes la, lb, lc), pASB3 (lanes 2a, 2b, 2c), or pASB5 (lanes 3a, 3b, 3c).
[35S]methionine was added to lanes a after induction of the T7 polymerase (42°C) but without rifampin addition, to lanes b without induction of the T7 polymerase (30°C) and without rafampin addition, and to lanes c after induction of the T7 polymerase (42°C) in the presence of rifampin. Molecular weight standards were bovine serum albumin (68,000), ovalbumin (45,000), trypsin inhibitor (21, 500) , and lysozyme (14,300).
established (42) . The position of ORF5 specifying the cysM gene in the sequenced region is consistent with the published restriction map. Two potential initiation codons can be considered the translation start for cysM, ATG at position 3137 and GTG at position 3215. Only the latter is preceded by a putative ribosome-binding site. Assuming that the GTG is the initiation codon for cysM, this ORF encodes a polypeptide of 303 amino acids with a calculated Mr of 32,632.
The cysM gene product was very efficiently synthesized in the T7 promoter-polymerase system, giving a product of Mr 32,000 (Fig. 3, lanes 2c and 3c) . cysM codes for O-acetylserine sulfhydrylase, which catalyzes the sulfhydrylation of O-acetylserine by free sulfide (25) . In both S. typhimurium (20) and E. coli (42) , two O-acetylserine sulfhydrylase isoenzymes, coded by cysK and cysM, have been described. The amino acid sequence deduced from the cysM nucleotide sequence was compared with the CysK protein sequence (5) . A significant similarity (40%) was found (Fig. 4) . Consequently, a comparison of CysM with the C-terminal portion of the ,-subunit of tryptophan synthase (coded by trpB) was performed, as homology between TrpB and CysK proteins has been reported (28) . Sequence similarity between CysM and TrpB was found at a level similar to that found between CysK and TrpB (Fig. 4) . This suggests that all three proteins are evolutionarily related.
Moreover, CysM (but not CysK) enables E. coli and S. typhimurium to use thiosulfate as a sulfur source (31, 32, 42) . It catalyzes the reaction between O-acetylserine and thiosulfate to give S-sulfocysteine, which then can be converted to cysteine (6) .
Homology to other binding-protein-dependent transport systems. Like several other binding-protein-dependent transport systems (for a review, see references 1 and 11) the sulfate-thiosulfate transport system appears to consist of three protein types. (i) Periplasmic binding protein: The possibility of the existence in this system of two binding proteins interacting with common membrane components is discussed in the accompanying paper (19) . (ii) Two hydrophobic, reciprocally homologous inner membrane proteins: The deduced amino acid sequences of CysT and CysW include a substantial number of hydrophobic residues (50 and 52%, respectively). The hydropathy profiles, determined as described by Kyte and Doolittle (26) (Fig. 5 ) and the localization of transmembrane segments (24) (Fig. 6 ) are similar to those reported earlier for this group of proteins (17) . The CysT and CysW polypeptides had considerable sequence homology (over 30%; Fig. 6 ), and a set of amino acid residues which have been identified as conserved within all such integral membrane components, which are situated approximately 90 residues from the C-terminal end in each of these proteins (9), were also conserved in CysT and CysW ( Fig. 7) . (iii) A protein likely to be involved in coupling energy to the system: These proteins are relatively hydrophilic and are examples of a large family of ATP-binding proteins. Each of these proteins possesses a consensus ATP-binding sequence, and it has been shown that three of them, OppD (16), HisP, and MalK (18) do indeed bind ATP. Therefore, it seems likely that they serve as energy-coupling components, since periplasmic systems are probably energized by ATP (22) . As Fig. 8 homologous to the members of this family of proteins. Also, the relative order of the structural genes in this region (Fig. la) is similar to that of most other systems. The presence in the region of the cysM gene, which is involved in thiosulfate metabolism, additionally argues for the role of CysP as a thiosulfate-binding protein.
Moreover, as in all known cases, the genes of this cluster are probably cotranscribed, since (i) all are oriented in the same direction; (ii) overlapping initiation and stop codons for the cysP-cysT and cysT-cysW genes, as well as an 11-nucleotide overlap between the end of cysW and the start of the cysA gene, strongly suggest that there may be translational coupling (such overlaps have been found only in polycistronic mRNAs [29, 34] ); (iii) the apparent requirement of the cysP promoter for the CysB-dependent expression of a cysT329: :lac fusion has been proven (19: Hryniewicz et al., in press); and (iv) several stem-and-loop structures can be identified along the sequence (not shown). They are devoid of runs of T's typical of rho-independent transcription terminators, so they might be involved in stabilization of the polycistronic transcript (2) . The comparison of these sequences with the REP (repetitive extragenic palindromic) sequence consensus (43) of three REP elements (Fig. 9) . One REP (in inverted orientation with respect to the direction of transcription) was located between the cysA and cysM genes, and two (in inverted orientation with respect to each other) were found downstream of the cysM locus. All copies of so-far-identified REP sequences are located in the nontranslated regions, either between two genes which are cotranscribed or in the 3' untranslated region at the end of an operon. There is no exception of REP locations in the case of the "cysA" region, assuming that the cysPTWAM genes are cotranscribed. REP elements have been postulated to be involved in protection of mRNA degradation by 3'-5' exonbonucleases and in modulation of translational efficiency (12, 43, 44 
